Angiostrongylus vasorum is a metastrongyloid nematode of dogs and other canids of major clinical importance in many countries. In order to gain first insights into the molecular biology of this worm, we conducted the first large-scale exploration of its transcriptome, and predicted essential molecules linked to metabolic and biological processes as well as host immune responses. We also predicted and prioritized drug targets and drug candidates. Following Illumina sequencing (RNA-seq), 52.3 million sequence reads representing adult A. vasorum were assembled and annotated. The assembly yielded 20,033 contigs, which encoded proteins with 11,505 homologues in C. elegans, and additional 1,933 homologues in various other parasitic helminths for which curated datasets were publicly available. Functional annotation was achieved for 11,752 (58.6%) proteins predicted for A. vasorum, including peptidases (4.5%) and peptidase inhibitors (1.6%), protein kinases (1.7%), G protein-coupled receptors (GPCRs) (1.5%) and phosphatases (1.2%). Contigs encoding excretory/secretory and immuno-modulatory proteins represented some of the most highly transcribed molecules, and encoded enzymes that digest haemoglobin were conserved between A. vasorum and other blood-feeding nematodes. Using an essentiality-based approach, drug targets, including neurotransmitter receptors, an important chemosensory ion channel and cysteine proteinase-3 were predicted in A. vasorum, as were associated small molecular inhibitors. Future transcriptomic analyses of all developmental stages of A. vasorum should facilitate deep explorations of the molecular biology of this important parasitic nematode and support the sequencing of its genome. These advances will provide a foundation for exploring immuno-molecular aspects of angiostrongylosis and have the potential to underpin the discovery of new methods of intervention.
Introduction
Angiostrongylus vasorum (Baillet, 1866 ) is a metastrongyloid nematode of dogs and other canids, including various species of fox, wolf, coyote and jackal (definitive hosts) (Koch and Willesen, 2009 ). This parasite causes angiostrongylosis, usually characterized by progressively worsening signs of respiratory and/or cardiac disease, and occasionally by coagulopathies and neurological signs, with a lethal outcome in sever cases (Koch and Willesen, 2009; Schnyder et al., 2010) . A. vasorum has emerged as an important pathogen of canids in various countries in Europe and North America (Bwangamoi, 1972; Bolt et al., 1992; Lima et al., 1994; Conboy, 2004; Morgan et al., 2008; Taubert et al., 2009; Di Cesare et al., 2011; Jefferies et al., 2011; Guardone et al., 2013) . This nematode has an indirect life cycle: the dioecious adults live in the pulmonary arteries and heart of the definitive, canid host; here, the oviparous females produce eggs that become entrapped in the capillaries of the lungs, after which first-stage larvae (L1s) hatch and penetrate the alveoli. L1s then migrate via the mucociliary escalator to the oropharynx, after which they are swallowed and then excreted in the faeces. L1s infect a molluscan intermediate host (snail or slug), either when ingested together with faeces or by penetration of the epidermis of the mollusc, and then develop, under favourable environmental conditions, to third-stage larvae (L3) within ~16 days (Guilhon and Bressou, 1960; Guilhon, 1963) . Frogs may act as paratenic hosts, following the ingestion of infected snails or slugs (Bolt et al., 1993) . L3s within an infected intermediate or paratenic host are then ingested by canids, penetrate the gut wall and then migrate to the abdominal lymph nodes, where they moult to fourth-stage (L4), and then, early fifth-stage larvae (L5s); these larvae enter the portal circulation, migrate through the liver parenchyma to eventually reach the right ventricle and pulmonary arteries, where they develop to adults (Koch and Willesen, 2009 ). The pre-patent period of A. vasorum is reported to be 38-57 days (reviewed by Bolt et al., 1994) .
With an apparent spread and increasing clinical relevance of canine angiostrongylosis, particularly in Western Europe and Canada (Koch and Willesen, 2009) , there has been a focus on improving treatment and control. Emphasis has been placed on the targeted treatment of clinical cases with anthelmintics, such fenbendazole, milbemycine oxime and moxidectin (Conboy, 2004; Willesen et al., 2007; Schnyder et al., 2009) . However, in spite of knowledge of some basic aspects of the parasite's life cycle and disease in dogs (e.g., Guilhon and Cens, 1969; Chapman et al., 2004) , almost nothing is known about the molecular biology of A. vasorum itself, with the exception of some recent immuno-proteomic data (Jefferies et al., 2011) . Nonetheless, there are some transcriptomic studies of related strongylid nematodes, including A. cantonensis (see Chang et al., 2011) and Dictyocaulus viviparus (see Ranganathan et al., 2007; Strube et al., 2007a,b; Cantacessi et al., 2011a) . Exploring the molecular biology of A. vasorum should improve our understanding of mechanisms that underlie the parasite's biology, physiology (including feeding and neurophysiology) as well as its ability to modulate host immune responses, which could open up avenues for designing new interventions. Such investigations could also provide a platform for the prediction of essential genes and/or gene products in A. vasorum as drug targets or vaccine candidates, and the subsequent validation in vitro and in vivo of rationally designed nematocides and/or immunogens, paving the way for improved approaches for the treatment, prevention and/or control of canine angiostrongylosis. In the present study, we take the first step toward a better understanding of A. vasorum at the molecular level by undertaking a detailed transcriptomic exploration of the adult stage of this parasite using an advanced sequencing and bioinformatic platform.
Next-generation technologies

RNA-seq (Illumina)
The method of paired-end RNA-seq (Bentley et al., 2008) was used to sequence the transcriptome of A. vasorum adults. The adult specimens of A. vasorum were collected from infected dogs at the Vetsuisse Faculty of the University of Zurich, Switzerland. The Cantonal Veterinary Office of Zurich granted ethical approval (permit no. 13/2008), in accordance with Swiss animal ethics laws. Worms were obtained by reverse lung perfusion 56-59 days after experimental inoculation (Schnyder et al., 2010) . The worms were washed extensively in physiological saline (five times in 200 ml) and then transferred to RNAse/DNAse-free cryotubes, snap-frozen in liquid nitrogen and stored at -80 ºC until RNA isolation. The identity of selected specimens of A. vasorum was verified by PCR-based amplification and sequencing of the second internal transcribed spacer (ITS-2) of nuclear ribosomal DNA using an established method . Then, DNase I-treated total RNA was isolated from adult worms (both sexes) using the TriPure reagent (Roche) . RNA amounts were estimated spectrophotometrically (NanoDrop Technologies), and RNA integrity was verified using a 2100 BioAnalyzer (Agilent). Polyadenylated (polyA+) RNA was purified from 10 µg of total RNA using Sera-mag oligo(dT) beads, fragmented to a length of 100-500 bases, reverse transcribed using random hexamers, end-repaired and adaptor-ligated, according to the manufacturer's protocol (Illumina). Ligated products of ~ 300 bp (mean: 336) were excised from agarose and PCR-amplified (15 cycles) . Products were purifed over a MinElute column (Qiagen) and paired-end sequenced (100 bp; non-normalized cDNA) on a Genome Analyzer II (Illumina), according to manufacturer's instructions.
Assembly and quality assurance of RNA-seq data
The transcriptome of A. vasorum was assembled from raw RNA-seq data and annotated using a bioinformatic pipeline. Firstly, low quality reads were eliminated using the program Trimmomatic (Lohse et al., 2012 ) (sliding window: 4 bp, minimum average quality: 20; leading and trailing bp: 3; minimum read length: 40 bp), and redundant reads were eliminated using the khmer package (http://ged.msu.edu/pubs.html). The assembly was optimised by using a range of k-mer values from 19 to 55 nucleotides (nt) (step-size: 2), and minimum fold-coverage thresholds from 5 to 21 (step-size: 2) in the Oases program (Schulz et al., 2012) . The k-mer and fold-coverage parameters govern the accuracy with which the assembled transcriptome represents the raw paired-end sequence data (Mangiola et al., 2012) . For each transcriptome assembly, the average contig length was determined using the program seqstat (Durbin et al., 1998) , and the mean redundancy of contigs in the dataset was calculated as the average number of significantly similar contigs (BLASTn, ; Altschul, 1997) for any given contig. Finally, the proportion of raw paired-end and unpaired reads mapping to contigs for each assembly was quantitated using the program BWA (Li and Durbin, 2009 ). The number of contigs and proportion of pairedend reads mapping as pairs to each transcriptome assembly were displayed in an X-Y scatter plot. The transcriptome comprising the largest number of contigs to which a large proportion (> 80%) of raw pairedend reads mapped was selected as the final assembly for the subsequent annotation and analyses. A normalised measure of transcriptional abundance for each contig was calculated as fragments per kilobase per million reads (FPKM) (Trapnell et al., 2012) .
Bioinformatic processing and functional annotation
Contigs representing the transcriptome of A. vasorum were translated in all six open reading frames (ORFs) using the program getORF (EMBOSS v.6.4.0) (Rice et al., 2000) , and domain annotations were retrieved using InterProScan (Quevillon et al., 2005) employing default search parameters. Predicted peptides with the most InterPro domain annotations (excluding the generic secondary structure annotations: 'Seg' and 'Coil') were selected. For peptides without predicted domains and those translating in two or more ORFs with equal numbers of annotated domains, the longest sequences were selected for further analysis. Gene ontology (GO) terms that accompanied InterPro annotations were used to group the inferred peptides according to biological process, cellular component and/or molecular function (Botstein et al., 2000) . Following the truncation of any N-terminal regions to the first methionine, peptides with signal and transmembrane domains were predicted using Phobius (Käll et al., 2007 (Boeckmann, 2003) , Kinase SARfari (www.ebi.ac.uk/chembl/sarfari/kinasesarfari), MEROPs (Rawlings, 2006) , ChEMBL (Gaulton et al., 2012) , the transporter classification database (TCDB) (Saier et al., 2009) , GPCR-Sarfari (www.ebi.ac.uk/chembl/sarfari/gpcrsarfari), and The Kyoto Encyclopedia of Genes and Genomes (KEGG) (www.kegg.com). Homologues were mapped to conserved biological pathways using the KEGG OrthologyBased Annotation System (KOBAS) (Wu et al., 2006) , and those in the GPCR-Sarfari database were filtered based on the presence of a predicted transmembrane domain. Protein sequences predicted from the transcriptomic data for A. vasorum were compared with those inferred from the transcriptomes of selected parasitic nematodes (HelmDB.org; Mangiola et al., 2012) (Table 2) , those within an in-house, curated database containing proteins linked to haemoglobin digestion, and with sequences of excretory/secretory (ES) proteins identified in proteomic studies of Ancylostoma caninum (see Mulvenna et al., 2009) , Haemonchus contortus (see Yatsuda et al., 2003) , Teladorsagia circumcincta (see Craig et al., 2006; Smith et al., 2009) and Brugia malayi (see Hewitson et al., 2008) using BLASTx and tBLASTx; E-value cut-off: ≤ 10 -5 . Matches that were not the closest homologue of an inferred A. vasorum protein (determined as the highest bit-score match) were discarded, as were any predicted ES peptides that contained a transmembrane domain. Sequence alignments were performed using eBiox2 (www.ebioinformatics.org/ebiotools/).
In order to predict drug targets in A. vasorum, inferred peptides with (a) homologues in C. elegans or D. melanogaster being associated with a lethal double-stranded RNAi (RNAi) phenotype, and (b) no significant matches to C. familiaris peptides, were selected. Prioritized, predicted drug targets were considered to be those with a significant (E-value cut-off: ≤ 10 -5 ) homologue(s) in the ChEMBL database, and amenable to inhibition (k i , EC 50 or IC 50 value ≤ 100,000 nM) with small molecules which were predicted as 'medicinal chemistry friendly' and satisfied the Rule-of-Three (MW < 300 Da; < 3 H donors; < 3 H acceptors; (Congreve et al., 2003) . Subsequently, cluster analysis was performed on protein sequences encoding RIO protein kinases (= RIOKs) RIOK-1, -2 or -3 of A. vasorum, Haemonchus contortus, C. elegans, D. melanogaster, Danio rerio, Xenopus laevis, Mus musculus, Homo sapiens and C. familiaris using the program Cd-hit (Li and Godzik, 2006) . For each RIOK protein family, amino acid sequences were then aligned using the program MAFFT (Katoh et al., 2002) , with L-INS-I settings, and adjusted manually. Phylogenetic analysis of the sequence data was conducted by Bayesian inference using the Markov chain Monte Carlo (MCMC) algorithm in the program MrBayes, v.3.2.1 (Ronquist and Huelsenbeck, 2003) . The rate matrix for amino acid data was inferred based on sampling of the Markov chain and subsequently selecting the model with the optimum posterior probability (pp) estimate. Generations of the MCMC analysis were performed, sampling trees every 50 generations until the average standard deviation of split frequencies was < 0.01 and the potential scale reduction factor (PSRF) approached one. Summary statistics and consensus trees were generated using the 50% majority rule criterion on bootstrap replicate trees generated with the final 75% of sampled trees.
Integrated bioinformatic exploration
Transcriptome of A. vasorum
A total of 58,561,060 RNA-seq reads were produced for the adult stage of A. vasorum; 52,276,380 (89.27%) were retained following quality assurance, including 23,967,571 paired-end read pairs. The transcriptome, to which 82.3% of paired-end reads mapped with a mean depth of coverage (FPKM) of 56.2 ± 362.7, was selected to represent the optimum assembly. This assembly comprised 20,033 contigs (mean length of 1422 ± 1361 nt; range: 100-14,663 nt) and had a mean redundancy of 3.49. In total, 13,967 inferred proteins (69.7% of total) were annotated by homology searches (see Table 1 ); 11,505 (57.4%) of the predicted proteins had homologues in C. elegans and 1,932 had homologues in selected parasitic nematodes (via HelmDb), but not in C. elegans (see Table 2 ).
In total, 11,752 (58.6%) proteins inferred for A. vasorum were annotated functionally. Using a domain modelling approach, 28, 192 InterPro domains (excluding 'Seg' and 'Coil' annotations) were assigned to 10,707 (53.4%) A. vasorum proteins; 4,943 unique domain annotations were assigned, of which the most widely represented was the 'protein kinase-like domain' (IPR011009; n = 366) and its subsidiaries: 'protein kinase -catalytic domain' (IPR000719; 323), 'serine/threonine-/dual-specificity protein kinase -catalytic domain' (IPR002290; 297) and 'tyrosine-protein kinase -catalytic domain' (IPR020635; 251). The next most-widely annotated domains were 'armadillo-type fold' (n = 250), 'WD40/YVTN repeat-like-containing domain' (222), 'protein kinase, ATP binding site' (217; also a subsidiary of IPR011009) and zinc finger RING-type' (216) (Supplementary Table 1 ). GO terms pertaining to 'molecular function' (n = 209), 'biological process' (545) and 'cellular component' (362), were assigned to 8,361 (41.7%) predicted proteins ( Fig. 1, Supplementary Table 2 ). Using KOBAS, 3048 unique KEGG orthology terms were assigned to 6,210 (31.0%) A. vasorum homologues in the KEGG database, which mapped to 39 large functional enzyme groups, the most represented of which were 'chromosome' (8.4% of all homologues assigned a K-term), 'splicesome' (7.0%), 'ubiquitin system' (6.4%) and 'protein kinases' (4.6%) (Supplementary Table 3 ).
Transmembrane and signal peptide domains were identified in 1,911 and 885 of a total of 17,664 fulllength proteins, respectively, predicted from the transcriptome of A. vasorum. Both domains were present in 119 proteins (Supplementary Table 4 ); and 34 of 310 proteins representing G protein-coupled receptors (GPCRs) contained at least one transmembrane domain. In addition to domain-based annotation and biological pathway mapping, homology searches showed that the most commonly predicted proteins were peptidases (4.5%), peptidase inhibitors (1.6%), protein kinases (1.7%), GPCRs (1.5%) and phosphatases (1.15%) ( Table 1 ).
An investigation of transcript abundance showed that the top 2,000 most highly transcribed contigs (~10% of all contigs) accounted for 66.4% of total transcription in the adult stage of A. vasorum (Fig. 2) . In addition, the 40 most highly transcribed molecules accounted for one fifth of all transcribed molecules. Within this group were transcripts encoding the vitellogenins VIT-1, VIT-2, VIT-4 and VIT-6 (combined FPKM = 166,467), excretory/secretory (ES) proteins and proteins involved in intracellular homeostasis, such as ubiquitins, DNA repair molecules and heat-shock proteins (Table 3) . Interestingly, the second most-highly transcribed molecule (271 nt; FPKM = 15,202) contained a region that had a perfect match (over 22 nt) to a sequence tract upstream of the gene coding for a tissue-specific metalloprotease inhibitor (GenBank accession no. AF397162.1) of An. caninum (see Zhan et al., 2002) , but diverged from the coding region. Eight other molecules of this group had no homology to any sequences in any of the databases interrogated.
Molecules predicted to be involved in parasitism
Various groups of molecules identified to be highly represented in adult A. vasorum might relate to parasitism, host interactions and/or parasite feeding. For instance, 16 of the 32 ES homologues encoded were amongst the top 10% most highly transcribed molecules in adult A. vasorum (Table 4) . Represented amongst these highly-transcribed molecules were homologues of extracellular superoxide dismutase (H. contortus), fatty-acid and retinol-binding protein (FAR) (C. elegans), aspartyl protease inhibitors (P. tenuis) (Table 4) , high mobility-group protein and gamma-glutamyl transpeptidase precursor of Brugia malayi, Ancylostomasecreted proteins 1 and 6 (An. caninum) and the nematode polyprotein antigen DvA-1 (D. viviparus) ( Tables  4 and 5 ). In addition, eight proteins, encoded by 55 transcripts in A. vasorum, were homologues of enzymes implicated in haemoglobin digestion (Table 5) ; these included aspartyl/cysteine peptidases, glutathione-Stransferases and Haemonchus galactose-containing glycoprotein complex (H-gal-GP) homologues (Table 5) . One predicted protein showed a particularly high sequence identity to APR-1 of An. duodenale (74.6% over 445 amino acids, including residues identical to the catalytic site and the 'protective epitope' ('A 291 Y'), with a single amino acid substitution (A<->V) in the latter (Fig. 3 ). In addition, two highlytranscribed cysteine peptidases (combined FPKM = 585), contained a haemoglobinase motif (YWLIANSW--DWGE) present almost exclusively in cathepsins B of blood-feeding nematodes (Baig et al., 2002) . Interestingly, in spite of this region being conserved, overall, these inferred cysteine peptidases were most similar in sequence to cathepsin B-like homologues of C. elegans and C. briggsae. Similarly, a single peptide predicted for A. vasorum showed considerable sequence identity (54.6% over 340 amino acids) to a metalloprotease of N. americanus (SwissProt accession no. B1Q144), proposed to be involved in haemoglobin digestion (Ranjit et al., 2008) . However, again, its closest homologue (55.6% identity over 782 amino acids) was neprysilin-2 of C. elegans (SwissProt accession no. O16796). Also notable among the haemoglobin digestion enzymes predicted was a single, highly transcribed molecule (FPKM = 330) with 93.5% sequence identity (over 280 amino acids) to β-galactoside-binding lectin (β-galectin) of H. contortus. Considering chemosensory mechanisms in A. vasorum, homologues of C. elegans proteins involved in metabotropic ion channel activation in chemosensory ASE neurons were identified, such as receptor guanylate cyclases-1, -6, -7 and -22, the G-protein GPA-13 (accession no. CCA65551.1), the cyclicnucleotide-gated olfactory channel TAX-4 (CAB63418.2) and the membrane-protein chaperone ODR-4 (CCD70713.1) (Bargmann, 2006; Ortiz et al., 2009 ).
Drug target predictions
Thirteen inferred peptides of A. vasorum had homologues in C. elegans linked to lethal knock-down phenotypes, with homologues in the ChEMBL database and known inhibitors whose IC 50 , EC 50 , or k i values are known to be ≤ 0.1 mM based on tests in mammalian cell-based assays or biochemical assays. Amongst the predicted drug targets were gamma-amino butyric acid (GABA) and acetylcholine-gated neuroreceptors, a cation channel, which is widely distributed in C. elegans tissues, a dihydroorotate dehydrogenase, and cysteine proteinase-3 (CP-3) ( Table 6 ). The small molecules identified from the ChEMBL database both satisfied the Rule-of-Three (Congreve et al., 2003) and were also predicted to be 'medicinal chemistry friendly.' In the present data set, a set of RIOKs was also predicted; these atypical kinases have been proposed as drug target candidates in H. contortus (a related strongylid nematode) using an in silico drug-docking approach . Inferred A. vasorum RIOK-1 (two isoforms), RIOK-2 and RIOK-3 (one inferred protein each) showed > 70% identity to homologous full-length inferred proteins of H. contortus, respectively. For individual nematode RIOKs, optimal clustering was achieved at a cluster redundancy of 3 and a similarity threshold of 0.6 (see Fig. 4 ). The sequence alignment of RIOK-1 of A. vasorum with that of H. contortus revealed the presence of both conserved catalytic site residues, and residues Tyr-159, Ser-275 and Ser-292 , which are conserved between these nematodes but divergent from mammals (including the canid host). For individual RIOKs, this divergence between nematode and non-nematode proteins was supported by a phylogenetic analysis of amino acid sequence data, in which each RIOK family of A. vasorum, H. contortus and C. elegans grouped together, to the exclusion of those of D. melanogaster, Da. rerio, X. laevis, M. musculus, H. sapiens and C. familiaris homologues (Fig. 4) .
Conclusions and implications -immuno-molecular biological insights provide exciting prospects for disease intervention and biotechnological outcomes
Advances made through investigating the transcriptome of A. vasorum
The present study elucidates the complement of molecules transcribed in the adult stage of A. vasorum. The high quality of raw data produced using Illumina sequencing of paired-end reads, combined with a thorough bioinformatic processing, incorporating quality assurance, enabled the assembly of a transcriptome with an average contig length of 1422 nt, to which more than 80% of raw reads could be mapped. Methodologically, the use of a quantitative analysis of different assemblies allowed the selection of a final, representative transcriptomic data set with a large number of contigs (n = 20,033) to which a large proportion (82.3%) of paired-end reads mapped, with minimal redundancy. This systematic approach of optimizing and assessing individual assemblies prior to bioinformatic analyses improves considerably on previous methods which rely on the selection of single assembly parameters a priori (Cantacessi et al., 2011b) . Indeed, the annotation of > 70% contigs representing the transcriptome of A. vasorum using high stringency homology searches of nematode and non-nematode databases (E-value cut-off: ≤ 10 -5 ) indicates a high quality of the optimized assembly.
The present study predicted 11,505 proteins (57.5% of all contigs) in A. vasorum with homologues in C. elegans. This finding agrees with previous reports, suggesting that 35-52% of proteins predicted in strongylid nematodes have homologues in C. elegans (see Cantacessi et al., 2010a,c; 2011a) , and with comparative genetic or transcriptomic analyses of nematodes, which have shown that at least 60% of genes are shared between strongylid nematodes and C. elegans (see Blaxter et al., 1998; Ruvkun, 1998; Parkinson et al., 2004) . This degree of homology suggests that the free-living C. elegans provides a useful surrogate system for investigating the functions of key genes and gene products of strongylids, as has been indicated by various functional genomic studies (Redmond et al., 2001; Britton and Murray, 2006; Hu et al., 2010; Stepek et al., 2010) .
Abundance of kinases and key roles
Conserved protein domains were identified among ~ 50% of inferred peptides of A. vasorum, with kinase, armadillo-type and WD40 domains amongst the most ascribed InterPro motifs. The annotation of 366 'protein kinase-like domains' in inferred A. vasorum peptides is supported by similar results from homology searches (332 kinases) via Kinase SARfari, KEGG orthology and ontology-based gene clustering. Specifically, 236 peptides related to 'protein kinases' (ko:01001; Supplementary Table 2) by KOBAS and 659 to 'phospho-transferase activity' by GO clustering. Taken together, these results suggest that 1-3% of the transcriptome of adult A. vasorum encode molecules with kinase activity, which accords with previous findings that kinases account for ~ 2% of the eukaryotic proteome (Manning, 2005) . At least 438 kinases have been described for C. elegans, ~50% of which are in classes that are greatly expanded in this nematode compared with other animal phyla (Manning, 2005) . For instance, kinases implicated in chemosensation, such as receptor guanylyl cyclases (Ortiz et al., 2009) , are expanded in C. elegans (see Morton, 2004) . Indeed, chemosensory pathways in A. vasorum are well supported by several pieces of evidence. Firstly, close homologues of proteins involved in each stage of metabotropic signal transduction in the chemosensory ASE neurons of C. elegans (reviewed by Bargmann, 2006) , including receptor gyanyl cyclases, were identified in A. vasorum. Second, a reasonable proportion (1.1%) of proteins inferred for A. vasorum contained WD40 repeat-like domains, which are involved in G-protein binding activity (Li and Roberts, 2001) , and 34 GPCR homologues with predicted transmembrane domains were identified. Third, 52 peptides were predicted by GO clustering to have 'transmembrane signalling receptor activity' (Supplementary Table 1) . Therefore, based on this information, it is highly likely that adults of A. vasorum utilise metabotropic signalling, including chemosensation, previously suggested to be important for host detection, feeding and tissue migration in parasitic nematodes Dillman et al., 2012) .
ES proteins, host-parasite interactions and immunomodulation
While chemosensation is essential in directing parasitic behaviour, ES proteins of parasitic nematodes are likely to play key roles in parasite survival within the host, relating to digestion of host tissues or blood for feeding, as well as tissue migration, and the modulation and/or evasion of host immune responses. ES proteins are exposed to the host immune system and thus could represent intervention or diagnostic targets. In the present study, predicted ES proteins, which comprised ~1% of the predicted proteome, were represented by almost 21% of all transcribed molecules in A. vasorum. Indeed, these data, coupled to the strong transcriptional bias in the transcriptome of A. vasorum (Fig. 1) , suggest that the adult stage of this parasite might rely heavily for survival on a relatively small number of proteins, including ES proteins. Recent evidence (Schnyder et al., 2011) has shown also that circulating ES antigens in blood are an effective target for the specific diagnosis of patent A. vasorum infection in dogs.
In accordance with a number of previous studies of nematodes (Spieth and Blumenthal, 1985; Craig et al., 2006; Mulvenna et al., 2009 ), vitellogenins were highly represented amongst ES proteins, accounting for 14.8% of the total transcription in A. vasorum. Vitellogenins are secreted glycol-lipoproteins that nourish developing embryos (Chen et al., 1997) , and are localised in the gut of the adult, egg-laying hermaphrodite of C. elegans (see Spieth and Blumenthal, 1985) . For A. vasorum, it is likely that the abundant transcription of vitellogenin genes relates to female adults, consistent with findings for other dioecious strongylid nematodes (Nisbet and Gasser, 2004; Cottee et al., 2006; Campbell et al., 2008) . Although vitellogenins of such nematodes are not usually reccognised to interact with the host animal as do classical ES proteins, these proteins have been detected in ES products of some strongylids (Vercauteren et al., 2003; Mulvenna et al., 2009) , and could be actively secreted by the worms or may emerge from damaged worm tissues (Craig et al., 2006) . Other genes found to be highly transcribed in A. vasorum encoded homologues of ubiquitin, a heat shock protein homologue of Nippostrongylus brasiliensis and the xpc-1 DNA repair gene homologue of C. elegans (cf. Table 3), possibly reflecting the heavy protein-folding and chaperon requirements of vitellogenin-producing tissues. The high level of transcription relating to a fatty acid and retinol binding protein (FAR) homologue of C. briggsae was also observed. This finding is corroborated by the previous identification of FAR in a proteomic analysis of antigenic proteins of adult A. vasorum (see Jefferies et al., 2011) . FARs are secreted by parasitic nematodes and function to import lipid metabolites from the host that are lacking from parasites (Jordanova et al., 2009) .
A particularly important group of predicted ES proteins identified in the present study are immunomodulatory proteins, which are released by parasites to avert host immune responses and thereby enable a prolonged survival in the host animal (Hewitson et al., 2009) . Residing within the vasculature, adults of A. vasorum are continuously exposed to humoral and cellular immune responses. Therefore, the ability of this stage to diminish or divert host immune responses is highly likely to be important for parasitism. Consistent with this hypothesis, numerous peptides of A. vasorum were identified as homologues of known immunomodulatory proteins. Firstly, two aspins (aspartyl protease inhibitors) were identified, each of which exhibited levels of transcription that were 50-fold greater than the average of all molecules transcribed in the nematode (FPKM: > 2800; Table 4 ). Aspins of A. vasorum and other parasitic nematodes have already been shown to be highly immunogenic (Duffy et al., 2002; De Maere et al., 2005; Jefferies et al., 2011) , and can inhibit antigen processing by B cells (Delaney et al., 2005) to dampen host immune responses. Moreover, immunoreactivity against aspin has been suggested to be a predictor of resistance of sheep against Trichostrongylus colubriformis (see Shaw et al., 2003) . Collectively, this information suggests that these protease inhibitors are immunogens that might represent a possible nexus in the parasite-host relationship.
Similarly, the direct modulation of host leukocyte activity by A. vasorum might be achieved through homologues of B. malayi high mobility group box protein (BmHMGB1) and of D. viviparus antigen 1 (DvA-1). BmHMGB1 is capable of binding DNA and might modulate the transcriptional program of host macrophages to induce the secretion of pro-inflammatory cytokines (Thirugnanam et al., 2012) . On the other hand, the homologue of DvA-1 in A. vasorum might interact with CD40 receptors on canine B-cells to elicit the secretion of cytokines involved specifically in a Th2-type immune response, characteristic of parasitic nematode infections -as suggested for a protein (called DiAg) from Dirofilaria immitis (Imai et al., 2001) . Further modulation of host immune cells might relate to homologues of An. caninum ASP-1 and ASP-6, which are key SCP/TAPS proteins. Although the exact roles of these proteins are not yet known, they are abundant in the ES products of many parasitic nematodes (reviewed by Cantacessi et al., 2009) , and some can modulate the activity of host leukocytes, as shown for Na-ASP-2 (from N. americanus, a human hookworm), which is able to recruit mouse neutrophils (Bower et al., 2008) and is posited to act through binding chemokine receptors on those cells.
Besides modulating the activity of host leukocytes, A. vasorum may utilize extracellular superoxide dismutase (SOD) to neutralise oxidative attack from host phagocytes (Hewitson et al., 2009 ). Indeed, neutralisation of oxidative radicals by SOD might be crucial for nematodes to survive in their host(s), as the clearance of N. brasiliensis from mice appears to depend on the degree of host-mediated oxidative stress to which parasites are subjected (Smith and Bryant, 1989) . Taken together, this information suggests that A. vasorum shares many immunomodulatory strategies with other parasitic nematodes, including related strongylids. Furthermore, the exceptionally high transcription levels of many of the genes encoding such proteins suggests that they play essential roles in regulating the interplay between A. vasorum and its canid host. It is also important to note that a number of highly transcribed molecules were identified within the ~40% of the A. vasorum transcriptome for which inferred homologues were either restricted to uncharacterised parasitic nematode proteins (9.6%) or completely lacking (i.e. orphans; 30.3%). The occurrence of subsets of homologous proteins which are restricted to parasitic nematodes is a common finding in genomic and transcriptomic studies (Ghedin et al., 2007; Cantacessi et al., 2010a Cantacessi et al., ,c, 2011b Godel et al., 2012) . Importantly, this information suggests the existence of shared as well as entirely novel sets of proteins that are specifically involved in parasitism. Investigating ES proteins within this group could inform both the biology of A. vasorum and provide new avenues for treatment and control.
Haemoglobin digestion
Living within the vasculature system, A. vasorum likely utilizes host blood as a major food source, supported by occasional anaemia in A. vasorum-infected dogs (Koch and Willesen, 2009) . While being an accessible source of protein nutrients, the potentially reactive haeme by-products of haemoglobin digestion must be detoxified to avoid damage to parasite biomolecules (Brophy and Pritchard, 1992; Hotez et al., 2010) . Haematophagous hookworms (e.g., Necator and Ancylostoma spp.) and H. contortus express proteolytic enzymes on the gut brush border which are capable of digesting haemoglobin in vitro (Knox et al., 1993; Williamson et al., 2004) . Specifically, the cascade of enzymatic processing is proposed to involve the initial cleavage of the haemoglobin tetramer by aspartic proteases, followed by proteolysis by cysteine proteases (globinases) and subsequent proteolysis by metalloproteases (Williamson et al., 2003 (Williamson et al., , 2004 Hotez et al., 2010) . Members of each of these classes of peptidases were predicted for A. vasorum. Aspartic peptidases homologous to H. contortus pepsinogen 1 and A. duodenale APR-1 were identified, the latter having a conserved catalytic domain and a relatively conserved, protective epitope (cf. Fig. 3) . Furthermore, homologues of N. americanus CP-3 in A. vasorum contained the same haemoglobinase-motif reported almost exclusively for blood-feeding nematodes (Baig et al., 2002) . The primary sequence conservation between aspartyl and cysteine proteases of blood-feeding nematodes and A. vasorum strongly suggests haemoglobin digestion activity in this parasite, although, interestingly, the metalloproteases inferred showed marginally higher identity to C. elegans homologues than to those of other blood-feeding nematodes. A possible explanation for the latter observation is that metalloproteases (class M13) might have less substrate specificity, because they act on partially digested haemoglobin, downstream in the digestion cascade (Williamson et al., 2004) , reflected in less sequence divergence in this subset of enzymes between nematodes that feed on blood and those that do not (e.g., C. elegans). After haemoglobin proteolysis, a glutathione-S-transferase predicted in A. vasorum, which is an homologue of An. caninum GST-1, might act to neutralise liberated haematin (Zhan et al., 2005; Hotez et al., 2010) . The identification in A. vasorum of these hookworm homologues, together with protein members (= PEP-1 and β-galectin) of the H-gal-GP complex of H. contortus, further supports the proposal that adults of A. vasorum utilize blood as a major food source.
Drug targets
Although fenbendazole and some macrocyclic lactones (ivermectin, milbemycin oxime and moxidectin) are used for the treatment of canine angiostrongylosis (Conboy, 2004; Schnyder et al., 2009) , the limited number of approved compound classes and the potential for emergent drug resistance in parasitic nematodes (Van Wyk et al., 1999; Kaplan, 2004; Wolstenholme et al., 2004; Sargison et al., 2007; James et al., 2009; Bourguinat et al., 2011) demand that novel drug targets and drugs are identified. Using a transcriptomicguided approach, we prioritized drug target candidates, whose gene homologues have lethal RNAi knockdown phenotypes in C. elegans or D. melanogaster but no close homologue in the canine host (Table 8) . Although it is anticipated that these candidates represent selective targets, some of them relate to molecules in mammals identified in the ChEMBL database as drug targets. Nevertheless, the presence of neurotransmitter receptors (GABA and acetylcholine-gated receptors) and the TPRA-1 ion channel among drug-target candidates is promising, because most existing anthelmintics are thought to act via a relatively selective perturbation of neural function (Wolstenholme, 2010; Kaminsky and Rufener, 2012) . In C. elegans TRPA-1 is expressed widely in sensory neurons, head and vulva epithelium (Kindt et al., 2007) . Inhibition of this ion-channel in A. vasorum might therefore disrupt the function of multiple biological systems in the worm, which is desirable for an anthelmintic. Furthermore, many modulatory compounds are available for mammalian TPRA-1, as this ion channel appears to be involved in nociception and has been the subject of relatively intense research (Baraldi et al., 2010) . Also identified amongst possible drug targets was dihydroorotate dehydrogenase, an enzyme involved in the pyrimidine synthesis pathway, which leads to both amino acid and nucleic acid production. The potential of this pathway for chemotherapeutic intervention has been explored in protozoan parasites, yielding kinetic, structural and RNAi data (Arakaki et al., 2008; Cordeiro et al., 2012) , which might further inform research into dihydroorotate dehydrogenase in parasitic helminths, including A. vasorum. As haemoglobin digestion enzymes are known to be important for the survival of blood-feeding nematodes in their hosts (reviewed by Hotez et al., 2010) , the identification of an homologue of the cysteine proteinase CP-3 as a potential drug target is encouraging. Cysteine proteinases are believed to be involved in the second step of haemoglobin digestion by blood-feeding nematodes (Williamson et al., 2003) , and, therefore, the chemical inhibition of CP-3 might disrupt the feeding process in A. vasorum. The human cathepsin B was identified in the ChEMBL database as the protein most closely related to a protein predicted for A. vasorum, and is potently inhibited by bicyclic carbamates (IC 50 = 1 nM) (Epple et al., 2007) .
Also RIOKs of A. vasorum have potential as drug targets, as reported recently for H. contortus, another blood-feeding nematode . Comparison of the three identified RIOK homologues from these two nematodes revealed > 70% identity (full-length proteins) between respective homologues, particularly in the catalytic domain. As these atypical kinases appear to diverge from mammalian RIOKs, particularly in regions that may complex with ligands, future structural studies are warranted to reveal the details of such molecular interactions, for example, in complex with the phosphate-donating nucleotides, to provide a solid basis for structure-based drug design. To date, the mechanistic aspects of RIOKs are poorly understood, and our current working hypothesis assumes that the two flexible elements in the RIOK domain, the hinge and the flexible loop, serve as docking points for the substrate and might undergo conformational change in the substrate-bound state . Such a process might be further aided by phosphorylation of Hc-RIOK-1 Ser165 (corresponding to Av-RIOK-1-Ser170), which is located in the flexible loop and seems to be a conserved residue for RIOKs. Clearly, crystal structures of substrate-bound and phosphorylated nematode RIOKs will assist in elucidating the structural biology of these proteins and in assessing their potential as valid and selective drug targets.
Taken together, these candidate proteins in A. vasorum, which lack close homologues in the canid host and for which inhibitory compound data are available, should provide a basis for the development of novel chemotherapeutics. However, as most of the small molecule inhibitors identified here (Table 6) have been developed for mammalian use, chemical modifications might be needed to limit possible side effects in the host.
Vaccine prospects
Immunogenicity and/or protection against nematode infection has been reported for a number of A. vasorum homologues identified here, including haemoglobin-digestion enzymes (Williamson et al., 2004; Loukas et al., 2006; Hotez et al., 2010) , DvA-1 (Britton et al., 1995) and aspins (Duffy et al., 2002; De Maere et al., 2005; Jefferies et al., 2011) . In addition, a protective immune response can be achieved against Dictyocaulus viviparus, the bovine lungworm, using an irradiated larval vaccine (Jarrett et al., 1960) , suggesting prospects for the development of a vaccine against other 'lungworms', such as A. vasorum. However, the disadvantages of live vaccines relate to the instability of irradiated larvae, the need to produce larvae in intermediate hosts, and a likely inability to confer sterile immunity and life-long protection. Therefore hypothesis-directed, evidence-based recombinant vaccine trials are warranted. Several of the proteins inferred here to be involved in immunomodulation or haemoglobin digestion might be vaccine candidates against canine angiostrongylosis. For example, the fatty-acid and retinol-binding (FAR) protein is both immunogenic (Jefferies et al., 2011) and highly expressed in the transcriptome of adult A. vasorum. Structural and functional information has been published for FAR-7 of C. elegans (see Jordanova et al., 2009) , which should provide a solid foundation for the characterization of FAR from A. vasorum. Furthermore, there has been a focus on developing a vaccine against parasitic trematodes of mammals based on FAR (e.g., Sm14 from S. mansoni) (Tendler and Simpson, 2008) .
On the other hand, proteins such as haemoglobin-digestion enzymes, expressed in the gut epithelium of haematophagous nematodes (Hotez et al., 2010; Knox, 2011 ) are considered to be relatively 'hidden' from the immune system; however, immunization with recombinant antigens can raise antibodies that inactivate these enzymes as blood is ingested (e.g., Williamson et al., 2003) . For example, dogs immunized with recombinant An. caninum APR-1 showed significantly reduced adult An. caninum burdens, and appeared to display reduced clinical signs of hookworm disease (Loukas et al., 2005) . Interestingly, the A. vasorum APR-1 exhibits an epitope (A 306 Y) that is very similar to the A 291 Y found in APR-1 of several hookworms (i.e. N. americanus, An. duodenale and An. ceylanicum) (Fig. 3) . Furthermore, vaccination of dogs with recombinant Na-APR-1 (from N. americanus) confers some protection (29% reduction in worm burden) against challenge with An. caninum L3s (Pearson et al., 2009) , which is proposed to be due to antibodies directed against the A 291 Y epitope , despite this region in Ac-APR-1 (from An. caninum) displaying greater sequence divergence from that of N. americanus than of A. vasorum APR-1 (see Fig. 3 ). Therefore, immunization of dogs with Na-APR-1 might also protect against A. vasorum infection. More broadly, these findings indicate the relevance of the canine model for vaccine development against A. vasorum and related blood-feeding strongylid nematodes, including hookworms.
In addition to hookworm work, there has been a major emphasis on the development of vaccines against H. contortus (see Bethony et al., 2006; Knox, 2011) . For instance, major effort has been directed at inducing immunity in sheep against proteins expressed in or excreted/secreted from the gut of H. contortus, with the aim of disrupting or inhibiting the parasite's digestion of host blood. To date, one of the most effective immunogens is the Haemonchus galactose-containing glycoprotein complex (H-gal-GP), which is expressed mainly in the microvillar surface of the parasite's gut, and contains metalloproteases with haemoglobinase activity, pepsinogens, cystatin and galectin (reviewed by Knox et al., 2003) . Lambs vaccinated with the native H-gal-GP from adult H. contortus showed a ~70% reduction in worm burdens following challenge infection; both the metalloprotease and pepsinogen components of this complex have been shown to elicit a 30-50% reduction in the number of H. contortus eggs shed in faeces (reviewed by Knox, 2011) . Here, through transcriptomic data, we were able to define in the inferred proteome of A. vasorum two components of the H-gal-GP complex, namely a highly transcribed, close homologue of β-galectin, and homologues of pepsinogen 1. The identification of these proteins in A. vasorum supports the proposal of a gut associated Hgal-GP-like complex, which might incorporate catalytic enzymes, such as aspartyl and cysteine proteases identified herein (Table 5) , and may therefore be a viable immunogen. These proposals require testing.
Concluding remarks
In conclusion, the present article describes the first comprehensive exploration of the transcriptome of the adult stage of A. vasorum, a parasite of major animal health importance. Using an integrated bioinformatic approach and functional information available for key genes/gene products in model and other eukaryotic organisms, this exploration predicts proteins likely to be of central importance in haemoglobin digestion and immunomodulation as well as for chemotherapeutic or vaccine intervention against canine angiostrongylosis. This knowledge and the transcriptomic resource established here, in conjunction with future studies of developmentally regulated transcription in different developmental stages and sexes, will underpin genomic, proteomic and metabolomic investigations of this parasite, and support the development of new treatment and control strategies. b Bit-scores are displayed for peptide-peptide comparisons using BLASTx or tBLASTn as appropriate.
c FPKM: fragments per kilobase per million reads -a normalised measure of transcript abundance; y: yes; n: none.
Fig. 1.
Major clusters of proteins encoded in Angiostrongylus vasorum inferred using gene ontology (GO) clustering of (a) molecular functional groups, and (b) biological processes. As multiple GO terms can be assigned to a single transcript, the clusters displayed are not mutually exclusive; therefore the y-axis is not cumulative. In total, 8,361 inferred peptides were assigned GO terms. 3 . Alignment of the APR-1 catalytic domain of the inferred Angiostrongylus vasorum APR-1, and APR-1 of other parasitic nematodes, after . The catalytic domain determined for the N. americanus APR-1 is outlined in black, and the protective epitope Na-A 291 Y is outlined in red. There is sequence conservation in the protective epitope between anthropophilic hookworms and A. vasorum, and divergence in sequence between N. americanus and An. caninum. Despite this divergence, immunization of dogs with recombinant N. americanus APR-1 achieved protection against challenge infection with An. caninum (Pearson et al., 2009 
